Renal hydrogen ion excretion increases with chronic acid loads and decreases with alkali loads. We examined the mechanism of adaptation by analyzing vacuolar proton-translocating adenosine triphosphatase (H' ATPase) 31-kD subunit protein and mRNA levels, and immunocytochemical distribution in kidneys from rats subjected to acid or alkali loads for 1,3,5,7, and 14 d. Acid-and alkali-loaded rats exhibited adaptive responses in acid excretion, but showed no significant changes in H' ATPase protein or mRNA levels in either cortex or medulla. In contrast, there were profound adaptive changes in the immunocytochemical distribution of H' ATPase in collecting duct intercalated cells. In the medulla, H' ATPase staining in acidloaded rats shifted from cytoplasmic vesicles to plasma membrane, whereas in alkali-loaded rats, cytoplasmic vesicle staining was enhanced, and staining of plasma membrane disappeared. In the cortical collecting tubule, acid loading increased the number of intercalated cells showing enhanced apical H' ATPase staining and decreased the number of cells with basolateral or poorly polarized apical staining. The results indicate that both medulla and cortex participate in the adaptive response to acid and alkali loading by changing the steady-state distribution of H' ATPase, employing mechanisms that do not necessitate postulating interconversion of intercalated cells with opposing polarities. (J. Clin. Invest. 1991. 88:126-136.) 
Introduction
To maintain acid-base homeostasis, the kidney increases acid excretion during increased intake or generation of acid, and it increases the excretion of bicarbonate during net alkali intake. The proximal tubule reabsorbs up to 90% of the filtered bicarbonate. Na+/H' antiport is the major mechanism for proton secretion in this segment (1) , although a vacuolar-type protontranslocating adenosine triphosphatase (H' ATPase),I also pres- 1 . Abbreviations used in this paper: H' ATPase, proton-translocating adenosine triphosphatase. Intercalated cells showing H' ATPase staining: A, apically stained; B, basolaterally stained; BA, basolateral and apical pole staining; D, diffusely stained; PPA, poorly polarized apically stained; PPB, poorly polarized basolaterally stained; WPA, wellpolarized apically stained; WPB, well-polarized basolaterally stained. ent in the apical membrane (2-4), contributes to up to 40% of the overall proximal H' secretion in rat (5) (6) (7) . Physiologic studies have revealed increased or reduced Na+/H+ antiport activity and bicarbonate reabsorption in the proximal tubule in response, respectively, to metabolic acidosis (8) (9) (10) (11) (12) (13) (14) or metabolic alkalosis (12, 13) . Changes in V,. for Na+/H+ antiport have been demonstrated, suggesting that the number of functioning antiporters is modified. Whether changes in the vacuolar H+ ATPase contribute to proximal tubule adaptation in acid-base homeostasis remains unresolved at the present time.
The final regulation of acid excretion occurs in the distal nephron, where hydrogen ion transport is carried out by an electrogenic vacuolar-type proton pump (15) (16) (17) (18) (19) (20) (21) (22) . Distal acid excretion is regulated primarily by the intercalated cells, specialized collecting duct cells which are able to maintain dense arrays of the H+ ATPase in a polarized distribution on the plasma membrane to implement net proton or bicarbonate secretion (2, 21, 23) . Physiologic studies have shown that collecting duct hydrogen ion transport changes with the acid-base status of the animal. In rabbits, the cortical collecting tubule secretes bicarbonate under control conditions (24) (25) (26) (27) (28) (29) (30) (31) (32) , but exhibits net H+ secretion in acid-loaded animals (24, 26, 29, 32) . The outer medullary outer and inner stripes secrete H+ regardless of the acid-base status of the animal (17, 24, 31, 32) , and the rates of secretion do not increase with acid-loading (26, 31, 32) . The inner medulla also has H+ secretion (33) (34) (35) (36) (37) , which is augmented by acidemia (33, 35, 36) .
Several investigators have attempted to examine the mechanistic basis of collecting duct acid-base adaptation. Madsen and Tisher (38) , using electron microscopic methods, observed a 50% increase in the luminal membrane surface density in the outer medulla ofkidneys from rats subjected to acid loading for 18 d. They concluded that the response resulted from fusion of tubulovesicular structures seen in the apical cytoplasm with the luminal membrane, and suggested that these might contain proton pumps. Schwartz, Satlin, and colleagues (39) (40) (41) , examined adaptation in the cortical collecting duct using physiologic measurements of H+ transport, acridine orange staining, and endocytosis assays. They found evidence for two morphologic subtypes of intercalated cells with acidic vesicles polarized either to the apical or basolateral region, which were designated as H+-secreting or bicarbonate-secreting cells. In acid-loaded rabbits, they noted a change in the percent of the two intercalated cell subtypes, and concluded that the cells changed their polarity (39 (44) , in acid-loaded rats. In the study of Garg and Narang, increased activity was found in the cortical and medullary collecting tubules, whereas in the study of Sabatini et al., activity was increased in the thick ascending limb and cortical collecting tubule. From these results, the investigators suggested that adaptation occurred by a change in the enzymatic activity of the proton ATPase in distal segments.
The purpose of the present study was to use new methods for analyzing the quantity and distribution of the renal vacuolar H+ ATPase in order to evaluate its role in the cellular response ofthe kidney to chronic acid-base adaptation. The renal vacuolar H' ATPase is a large molecular weight protein with several different subunits in its cytoplasmic domain (20) (21) (22) . We previously reported the purification and properties of vacuolar H' ATPase from mammalian kidney medulla (19, 22) and cortex (20) , and the isolation of a cDNA clone for the 3 1-kD subunit (45) . Using affinity-purified antibodies against three different subunits (31, 56, and 70 kD) of the bovine kidney proton pump, we described the immunocytochemical distribution of vacuolar H' ATPase in normal rat kidney (2) , and showed that several morphologically different types of intercalated cells exist in the cortical collecting duct (2, 23 
Methods
Experimentalprotocol. Adult male Sprague-Dawley rats weighing 180-200 g were divided into three groups: group 1 (controls) had free access to tap water; group 2 (alkali-loaded rats) had 280 mM (2.35%) Na HCO3 + 1% sucrose in their drinking water, and group 3 (acid-loaded rats) had 280 mM (1.5%) NH4CI + 1% sucrose in their drinking water.
All rats were fed a standard rodent laboratory diet. On days 1, 3, 5, 7, 14 of the study protocol, rats were anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg), and after 45 min, samples ofbladder urine and aortic blood were collected on ice for pH and Pco2 determinations. Both kidneys were removed immediately and processed for H+ ATPase 3 1-kD subunit mRNA and protein content, and for 3 1-kD subunit tissue immunocytochemistry.
Quantitation ofmRNA. The kidney cortex and medulla were separated rapidly and frozen in liquid N2. Total RNA was prepared with a standard protocol (46) Immunocytochemical studies. Paraffin block sections of kidney were stained using E 1 MAb to 31 -kD H+ ATPase detected by FITClabeled goat anti-mouse IgG as follows: They were incubated sequentially for 4 min each in xylene three times, 100% ethanol two times, and 95% ethanol two times, then dipped in distilled water three times. The sections were then incubated sequentially in Lugol's solution for 10 min, dipped in distilled water five times, 5% Na thiosulfate for 5 min, In the inner halfofthe outerstripe ofthe outer medulla, the percentages of principal cells, total intercalated cells, and apically stained (A), basolaterally stained (B), and diffusely stained (D) intercalated cells were calculated. The intercalated cells showing apically polarized staining (the major pattern in this segment) were subdivided into cells with a predominantly cytoplasmic distribution (in vacuoles) of H+ ATPase staining, and cells with prominent plasma membrane (rim) staining.
Statistical analysis. All values are expressed as mean±SEM. Student's t test was used for analysis of variance. P values < 0.05 were considered to be statistically significant.
Results
Plasma and urine changes with acid and alkali loading. Five or six rats were included in each of the control, acid-loaded, and alkali-loaded groups for each time point of the study. The weight, plasma bicarbonate, and urine pH levels are shown in Fig. 1 . Acid loading produced an immediate fall in urine pH, and alkali loading a rise in urine pH, that persisted for 2 wk. The urine pH values were significantly different in the three groups throughout the study period. Acid loading produced a progressive drop in plasma bicarbonate over the 1st wk, although the plasma bicarbonate was restored to normal by the end of 2 wk. In the alkali-loaded animals, plasma bicarbonate levels were significantly elevated on days 3, 7, and 14. The changes in urine pH and plasma bicarbonate verify that renal adaptation to acid and alkali loading ensued.
Effect ofacid and alkali loading on H' ATPase The assay was used to measure the relative quantity of H' ATPase 3 l-kD subunit protein in both cortical and medullary samples from the three groups of rats (Fig. 2) . There was no In RNA prepared from renal cortex ofcontrol, acid-loaded, and alkali-loaded rats, the ratios of3l-kD H' ATPase mRNA over j3-actin mRNA showed no change at different time points over the two-week study period (Fig. 3 A) . In the medullary RNA samples (Fig. 3 B) , the 3 l-kD/fl-actin mRNA ratios from alkali-loaded animals were slightly higher (1.5-2-fold) than the controls, reaching significance only on days 3 and 7. 3 l-kD/Itactin mRNA ratios for acid-loaded rats were slightly higher than controls, but with statistical significance only on day 3.
The medullary 3 1-kD/fl-actin mRNA ratio in each group did not change substantially over the 2-wk study period (Fig. 3 B) .
The results were nearly identical when a rat 18S ribosomal cDNA probe was used as an internal control instead of the ,B-actin probe (not shown).
Effect ofacid and alkali loading on the immunocytochemical distribution ofH+ A TPase in cortex and medulla. In prior studies, we used polyclonal antibodies, affinity purified to three subunits of the kidney vacuolar H+ ATPase, to examine the immunocytochemical distribution ofthe enzyme in normal rat Fig. 4 .
The intensity of H' ATPase staining of brush border in S, and S2, the subvillar invaginations in S3, and the punctate apical staining of the thick ascending limb were the same in the control, acid-loaded, and alkali-loaded rats. The distal convoluted tubules in the vicinity of the glomeruli stained qualitatively more intensely in the acid-loaded rats than in controls.
The most evident change was in the distribution of H' ATPase staining within the cortical and medullary intercalated cells (discussed below). Intercalated cells comprised 44±1.5% of the cells in the cortical collecting tubules and 45.7±0.65% of the cells in the medullary collecting tubules in all three groups and did not change over the 2-wk experimental period.
We observed rapid and striking adaptational changes in the immunocytochemical distribution of H' ATPase in inner stripe. In the acid-loaded rats, the majority of cells showed a nearly complete loss of vesicular cytoplasmic H' ATPase staining, with all of the label appearing on the plasma membrane (Fig. 5) , a pattern we refer to as "rim" staining. In the inner stripe, 63% of the intercalated cells from acid-loaded animals showed rim-type staining on day 1 (Fig. 6 B) , a large increase from the 7% and 32.5% rim cells in control and alkali-loaded animals, respectively (P .0.01). The percentage of rim cells in the acid-loaded rats continued to increase to 89% of the intercalated cells over the ensuing two weeks (Fig. 6 B, Table I ). Table I ) was 25% on day 1 in the acid loaded rats compared to 7.7% in the alkaliloaded and 2% in the control rats (P< 0.01), but still well below the day1 value of 63% in the inner stripe (Fig. 6 B) . Outer stripe rim cells in the acid-loaded rats increased nearly linearly over the 2-wk period to 68%, with no change (7% and 4%, respectively) in the number of rim cells in the alkali-loaded and control rats.
In the cortical collecting duct, we identified six different morphologic subtypes of intercalated cells, illustrated in Fig. 7 . We consistently noted a population of cells exhibiting a bipolar In the cortical collecting tubule of acid-loaded rats, the most obvious change was a steady increase in the number of the WPA cells from 44.7% to 70% over the 2-wk period (P < 0.01). This was accompanied by declines in the number of PPA cells from 32% to 14%, D cells from 1 1% to 4.8%, and B-A cells from 3.8% to 1.8%. The percentages of both PPA and D cells were the same as control values on days 1 and 3, and thereafter decreased as the number ofWPA cells increased (Table I). The percentages ofPPB, B-A, and WPB intercalated cells were lower at all time points in the acid-loaded rats as compared to controls, with statistical significance as indicated in Table I .
In the alkali-loaded animals, an increase in WPA cells, with a concomitant decrease in PPA cells, was observed on day 1, but thereafter their percentages remained unchanged from control rats (Table I) . At several time points, the percentage of B-A cells was significantly higher in the alkali-loaded rats (range 6.5-11%, mean 9±0.7%) when compared with control rats (range 3-6%, mean 5±0.5%). The percentage of WPB cells was always higher in the alkali-loaded than in control animals, but never reached statistical significance (Table I) .
Discussion
We examined the role of the principal distal proton transporter, the renal vacuolar H' ATPase, in the adaptive response by measuring the amount ofthe protein, its intracellular distribution, and the levels of mRNA coding for the protein in different parts of the kidneys of rats subjected to chronic dietary acid or alkali loads. Our experiments reveal that renal adaptation in rats is not associated with detectable changes in the levels either of proton ATPase mRNA or protein in cortex or medulla. The major demonstrable adaptational change was in the intracellular distribution of H' ATPase in the intercalated cells. Some caution must be maintained in interpreting the results. Since vacuolar H' ATPases are present in all cell types throughout the kidney, it is possible that a constant level ofthe protein and its message arising from segments other than the collecting duct masked changes occurring specifically in intercalated cells. However, the intensity of immunocytochemical staining for H' ATPase in intercalated cells did not appear to change, which suggests that major changes in H' ATPase content did not occur. Our results also do not exclude the possibility that kinetic regulation of proton pump enzymatic activity may have a role in adaptation. Although acid and alkali loading were the physiologic stimuli examined in the study, the principal variable inducing the observed changes in the kidney is still unknown. For example, the animals in the acid-loaded group probably received more chloride, and the alkali-loaded group more sodium, than controls. Levels of aldosterone and other hormones that could affect acidification were also not measured. However, the goal of the study was to examine the renal response to acid and alkali loading rather than the nature of the physiologic signal. We used a newly developed monoclonal antibody to the kidney vacuolar H' ATPase which has increased sensitivity, with identical or better specificity, compared to the affinitypurified polyclonal antibodies which we previously used to stain rat kidney (2, 23) . In several segments of the nephron there was no discernible change in H' ATPase staining under the experimental conditions used. In the proximal tubule, the SI and S2 segments showed heavy brush border staining, and all proximal segments showed staining of the subvillar basilar invaginations similar to our previous results (2) . The apical punctate staining in the thick ascending limbs of the loop of Henle was also the same in the three groups and appeared as previously described (2) . The intercalated cells in both the cortical and medullary collecting tubules constituted about 44% of the cells in all three groups of rats. This value agrees with those from previous reports in rat (28, (51) (52) (53) (54) (55) (56) or rabbit (57-59) in which morphologic criteria, carbonic anhydrase or succinate dehydrogenase histochemistry, or anti-band 3 immunocytochemistry were employed to identify intercalated cells. We found that many of the H' ATPase-stained intercalated cells did not fall unequivocally into any of the three morphologic categories (apical, basolateral, and diffuse) used previously to Abbreviations used in this table: Ac, acid-loaded rats; Al, alkali-loaded rats; C, control rats. * P < 0.05, vs. control. * P < 0.05, Ac vs. Al.
enumerate cells (23) . We identified six different immunocytochemical subtypes of cortical intercalated cells, including newly defined PPA, PPB, and B-A cells (Fig. 7) , and a newly defined "rim" cell in medulla (Fig. 5) . We analyzed the changes in prevalence with time for each of the subtypes separately. A novel finding in the study was the consistent detection of cells with accentuated apical and basolateral staining (B-A cells), comprising 5% of the cortical intercalated cells in controls. Inasmuch as the nucleus was clearly visible in all cross sections of these cells, it is unlikely that this staining pattern was an artifact ofthe angle ofsectioning. The detection ofthese cells in controls and alkali-loaded animals suggests that they are not engaged in the process of interconversion from "type B" to "type A" cells in response to acid loading (39, 41) , but represent a population of true bipolar cells. Shifts in the distribution ofH+ ATPase in a bipolar cell could produce a cell with accentuated staining at either the apical or basolateral pole. For this reason, we counted the poorly polarized cells separately in order to avoid assigning them arbitrarily as a single physiologic subgroup of A or B cells (53) .
Acid loading induced conspicuous changes in the distribution of H+ ATPase throughout the collecting duct. The most obvious changes occurred in the inner and outer stripe of the outer medulla. In both segments, chronic acid loading induced the appearance of "rim" cells, with H+ ATPase staining localized primarily in the apical plasma membrane. The time course of the response differed significantly in the two segments. The inner stripe had the most striking response, with rim cells increasing from 7% to 63% after only 1 d, and increasing to 89% of the intercalated cells over the ensuing 2 wk. The outer stripe rim cells increased from 2% to 25% of the intercalated cells after 1 d of acid loading, and rose to 68% of the intercalated cells at 2 wk. McKinney and Davidson (31, 60) also noted significant physiologic differences in H+ secretion between the inner and outer stripe. They found that the two segments varied in the susceptibility to carbonic anhydrase inhibitors and the response to stimulation with CO2. Our observation that net transfer of H+ ATPase to the apical membrane occurs with different time courses in two segments, and takes place slowly over 2 wk in the outer stripe, suggests that this response is not a "servo" mechanism for regulating intracellular pH as previous studies suggested (61, 62) . Recent investigations (63, 64) have established that basolateral Na+/H+ exchange and Cl-/base exchange are major mechanisms for regulation ofintracellular pH in intercalated cells. Conceivably, the change in intercalated cell relative polarization may be hormonally mediated (65) (66) (67) .
Acid loading produced pronounced changes in the distribution of H+ ATPase in the cortex as well. The percentage of WPA intercalated cells increased from 45% to 70% over 2 wk, with an early decline in the numbers of WPB and PPB cells, and a late decrease in the percent of PPA and BA cells.
In the inner medulla (papilla), intercalated cells, present in the initial one-third (2, 68, 69) developed accentuated rim staining in the acid-loaded rats. In the inner stripe and papilla of rats acid-loaded for 14 d, expanded intercalated cells showing marked rim staining protruded obtrusively, abutting each other and nearly occluding the lumen. As described in previous studies (2, 68, 69) , we found that the innermost part of the inner medulla was devoid of intercalated cells. We did not detect any plasma membrane H' ATPase staining ofthe papillary principal cells in control or acid-loaded rats. Wall et al. (36) observed that H' secretion in this segment increased after acid loading, and suggested that it may employ an H+-K' ATPase. Evidence for a renal H+-K' ATPase in cortical collecting tubule has been described in potassium depletion (70) , and may mediate active potassium reabsorption.
The effects of chronic acid loading on H' ATPase staining in other nephron segments were difficult to quantitate. Distal convoluted tubular cells had apical plasma membrane H' ATPase staining in all three groups ofrats, but the staining appeared brighter in the acid-loaded rats. There was no apparent change in the loop of Henle.
Chronic alkali loading induced less obvious but significant changes in the distribution of H' ATPase. In the cortical collecting tubule, alkali loading induced significant increases in PPB and B-A cells at several time points (Table I ). In the medulla, rim cells were 15-32.5% and 1-8%, respectively, of the intercalated cells in the inner and outer stripe, and their numbers did not change substantively with alkali loading except on day 1, when an increase was observed.
These results demonstrate that acid loading shifts the distribution of H' ATPase in intercalated cells toward the apical pole and away from the basolateral pole in the cortical collecting duct, and to the apical plasma membrane in the medullary collecting duct. Alkali loading, inducing less apparent changes, decreases the relative polarization of intercalated cells by increasing the number ofsubtypes with cytoplasmic staining, and increasing subtypes such as PPB and B-A cells, suggesting that it shifts the proton ATPase away from the apical pole and toward the basolateral pole.
To explain our results, we propose a mechanism for renal adaptation (Fig. 8 ). In this model, the medullary collecting duct has intercalated cells with H' ATPase which recycles between cytoplasmic vesicles and plasma membrane only at the apical CCT pole (apical cells). Acid loading induces an increase in the relative polarization of these cells with movement of the H' ATPase to the apical plasma membrane. Alkali loading causes the H' ATPase to shift to intracellular vesicles. In the cortical collecting duct two functional subtypes of intercalated cell are present, an apical cell, and a bipolar cell. Acid and alkali loading induces changes in the apical cell of the cortex similar, in magnitude and time course, to those occurring in the apical cell ofthe outer stripe. The bipolar cell differs from the apical cell in its ability to recycle H' ATPase between cytoplasmic vesicles and both the basolateral and apical plasma membrane. Acid loading induces the bipolar cell to lose its relative polarization at the basolateral pole, giving it the appearance of a diffuse or poorly polarized apical cell. Alkali loading produces opposite effects on the bipolar cell, increasing the relative polarization at the basolateral pole, and decreasing polarization to the apical pole, giving it the appearance of either a diffuse, bipolar, or PPB cell (Fig. 8) .
This model agrees with the observations of Madsen and Tisher (38) who found morphologic evidence suggesting that fusion of "studded" tubulovesicular membranes with the apical membrane occurred in the medullary intercalated cells of acid-loaded rats (38) . The "studs" have been identified as the cytoplasmic domain of the vacuolar H' ATPase in these cells (21) . The proposed model would account for the detection ofa stable population of bipolar cells. This would concur with the observations ofRidderstrale et al. (59), who found that many of the intercalated cells in rabbit cortical collecting tubule had rod-shaped particles in both the apical and basolateral membranes. The model would also explain the changes in the distribution of cortical intercalated cell subtypes shown in Table I .
Our proposed model could explain the apparent interconversion of proton and bicarbonate secreting cells proposed by Schwartz and colleagues (39, 41 Schwartz and colleagues (39) (40) (41) also found that only 5-10% of the intercalated cells displayed apical endocytosis, which they used as the criterion for an acid-secreting cell. This value is well below the 29-66% intercalated cells proposed as proton-secreting on the basis of basolateral staining with anti-anion transporter (band 3) antibodies (51, 54, 56, 57) or the luminal appearance of cells by transmission or scanning electron microscopy (38, 52, 53, 58) in rat and rabbit, and well below our finding of 65% of cortical intercalated cells with enhanced apical H' ATPase staining. The simplest explanation is that acid loading activates "dormant," nonendocytic intercalated cells, inducing them to exhibit apical endocytosis. Such activation could conceivably occur either exclusively in "apical" cells or also in "bipolar" cells. Activation of apical endocytosis would be compatible with the shifts in H' ATPase toward the apical membrane which we observed in acid loading, as increases in membrane insertion and recycling are known to occur in intercalated cells and their reptilian analogues in response to CO2 (71) (72) (73) (74) . Our model does not require a global reorganization of cell structure or polarity. The changes we observed in the cortical collecting tubule are consistent with the physiologic studies of this segment in the rabbit showing loss of net bicarbonate secretion in acidloaded animals (24, 26, 32) . These physiologic studies introduced the concept that distal acid-base adaptation occurred predominantly in the cortex. Studies have subsequently demonstrated physiologic adaptation in the medullary thick ascending limb (75) and in the inner medulla (33, 35, 36) . Our study also shows large shifts in the distribution of H' ATPase in the outer and inner stripe, suggesting, like the investigation of Madsen and Tisher (38) , that these segments have a major role in renal acid-base adaptation. However, physiologic modulation ofproton secretion in response to acid or alkali loading has not been demonstrated in these segments (24, 26, 31, 32) . Our results suggest that the tubule in the in vitro environment may not maintain a rate ofproton secretion reflective ofthat operating in the intact animal. Rapid redistribution ofH' ATPase has been described in proton-transporting epithelia (71) (72) (73) (74) , and perhaps the process of removal and mounting of tubules for perfusion allows proton pump redistribution to occur. Clearly, techniques for studying medullary collecting duct proton transport and H' ATPase immunocytochemistry in the isolated tubule will be required to resolve this issue.
In conclusion, we have shown that adaptation to acid and alkali loads in rat kidney is not due to changes in the quantity of vacuolar H' ATPase in cortex or medulla, but rather to redistribution of the enzyme in intercalated cells between the cytoplasmic vesicles and cell membrane. The magnitude and rapidity of the changes in the medulla suggest that the inner and outer stripe participate actively in acid-base adaptation, to a degree not previously appreciated. In the cortex, both apically polarized and bipolar cells respond, similarly to medullary intercalated cells, by increasing polarization toward the apical pole with acid loads, providing a unifying mechanism for acidbase adaptation.
